Atmospheric sulfate aerosols [H2SO4, (NH4)2SO4, and NH4HSO,] are of international concern because of their global prevalence and potential irritant or toxic effects on humans. To assess hazards following inhalation exposure, the total dose delivered to the human respiratory tract and its regional distribution must be determined. The mass median aerodynamic diameter of the inhaled aerosol will influence the sites of deposition in the respiratory tract. Atmospheric sulfate aerosols are hygroscopic and will have changing particle sizes and densities as they absorb water vapor in the humid environment of the human respiratory tract. Experimental and theoretical data that describe particle size as a function of temperature and relative humidity were used in computer subroutines of an aerosol deposition model in order to calculate the dose dispersion of H2S04, (NH4)2SO4, and NH4HSO, aerosols in man. Different temperature and relative humidity environments that approximately correspond to nasal and oral breathing were studied. The predicted deposition patterns are very different from those of nonhygroscopic aerosols with identical inhaled mass median aerodynamic diameter values.
Introduction
The origin, properties, and distribution of sulfate aerosols in the ambient atmosphere have been (1) , and continue to be, studied. Present atmospheric sulfate levels and their potential toxic or irritant effects following inhalation exposure are foci in human health studies related to urban air pollution (2) .
It is important to know the deposition sites of inhaled particulate matter within the respiratory tract when assessing the health effects of atmospheric contaminants. Inhalation exposure experiments with human test subjects have established that nonhygroscopic particle deposition probabilities can be expressed as a function of the following two properties of an inspired aerosol: the mass median aerodynamic diameter (MMAD) and geometric standard deviation (ug) (3, 4) .
A hygroscopic particle may change in size, shape, and density due to water vapor uptake in humid respiratory passages. Consequently, a hygroscopic aerosol's MMAD may vary with location in the respiratory tract, and the dose delivered may be different from that of a nonhygroscopic aerosol of like size distribution.
In this report, we discuss a theoretical model of aerosol behavior in the human respiratory tract. The model permits relative analyses of salient factors that influence particulate deposition. Equations proposed by Martonen (5) that describe the deposition efficiencies of inertial impaction, sedimentation, and diffusion mechanisms are used.
Three tracheobronchial (TB) tree morphologies (6) (7) (8) were evaluated as representations of the human lung. The experimental data that quantitate nonhygroscopic particle deposition efficiencies in human test subjects summarized by Lippmann et al. (9) were compared to calculated values for the three morphologies. Findings suggest that the symmetric, dichotomously branching, modified-Weibel geometry proposed by Soong et al. (8) suitably describes aerosol behavior in human airways.
The equilibrium sizes and densities of H2S04, (NH4)2S04, and NH4HS04 particles measured over a range of relative humidity values by Tang (10), Tang and Munkelwitz (11) , and Tang et al. (12) were incorporated into our analytical model to study the influence of hygroscopicity on the fate of airborne contaminants of health-effects concern. It was determined that the hygroscopic character of ambient sulfate aerosols may significantly affect total dose delivered to the respiratory tract as well as dose distribution among airways.
Aerosol Deposition Model
Mathematical computation of aerosol deposition requires definition of the following: * Respiratory tract geometry * TB airflow dynamics (including the influence of the laryngeal jet) 1' I=3 FIGURE 1. A comparision of (A) symmetric Weibel (6) and (B) asymmetric Horsfield et al. (7) large airway geometries. Bifurcation angle is denoted by 20 . * Formulae that describe particle deposition efficiencies * Temperature (T) and relative humidity (RH) profiles * For hygroscopic materials, data that describe size and density variation with T and RH environment TB Morphologies Weibel (6) has proposed a simple morphology for the human TB tree. It is a symmetric, dichotomous, branching system of 17 generations of conducting airways numbered in descending order from the trachea, which is generation I = 0. The terminal unalveolated bronchiole is I = 16. Beginning with the trachea, each "parent" airway branches into two identical "daughter" airways; there are 2' airways in each generation. The Soong et al. (8) morphology is a statistical description intended to account for structural and dimensional variations within the human TB tree among a population. The branching scheme is the same as Weibel's (6), but airway dimensions differ.
Horsfield et al. (7) proposed a complex asymmetric human lung morphology. Airways of different dimensions exist in the same TB tree generation. Moreover, the branching scheme is a dichotomous spatial network that is defined in terms of airway "orders." [Note: "order" is related, but not uniquely, to airway dimensions (7) .] Four different bifurcating patterns were used to simulate various regions of the human TB tree. For these reasons, it has been proposed as a more physiologically realistic model of the human lung.
The Weibel (6) and Horsfield et al. (7) morphologies are contrasted in Figure 1 ; for simplicity, only upper airways are shown. Distinctions between the symmetric and asymmetric geometries are obvious upon comparison of Figures 1A and 1B . In Figure 1B , airways are labeled by their designated "order" identification numbers for the readers' reference.
Airway Flow Dynamics
The dynamics of airflow within idealized airway models, replica casts, and the human lung has been extensively reviewed (13) . In this report we will comment on some ofthe studies most applicable to our work.
In Table 1 , morphological data of Soong et al. (8) are related to commonly used parameters for the classification of fluid dynamics in idealized tubes (long, straight, rigid, smooth-walled tubes of circular crosssection). Airway generations I = 0, 1, 2, 3, and 4 correspond to the trachea and to the main, lobar, segmental, and first subsegmental bronchi, respectively, of the human lung. The 15-, 30-, and 60-L/min tracheal flow rates, Q(0), correspond to tidal volumes of 500, 1000, and 2000 cm3, respectively. The length L necessary to attain a parabolic air velocity profile from laminar plug flow in an idealized tube of diameter D is defined (14) by the relation:
The Reynolds number, Re, is defined as Re = DU-T1, where U and q are the mean velocity and kinematic viscosity of air, respectively. Laminar-to-turbulent transition is generally thought to occur at an Re of approximately 2200. The equation may be put into the form
for the human TB tree; parabolic flow would be predicted in generation I airways when a(I) Schroter and Sudlow (17) measured airflow patterns in bifurcations within idealized models of human bronchi. A bifurcation, or airway branching site, is a region of complex geometry that consists of a tapering transition zone between airways of different diameter and a flow divider (carina). At all physiologically realistic flow rates, laminar but asymmetric flow patterns were observed; double vortex secondary currents may be the cause of such skewed profiles. The authors suggest, therefore, that it is not acceptable to assume a laminar parabolic flow profile in the "nominal laminar" region of the TB tree, which lies between the trachea and first few generations of large bronchi, to airways where 1 < Re < 10 (see Table 1 ).
An airflow pattern that is used to study aerosol deposition in the human TB tree must attempt to account for cartilagenous rings, bifurcations, and, perhaps most importantly, flow instabilities induced at the larynx. Taking the above investigations into account, we assume laminar plug flow for generations 0-4 (trachea and main, lobar, segmental, and first subsegmental bronchi) at flow rates <6 L/min and for generations 5-16 at all flow rates. Turbulent airflow is assumed in generations 0-4 at flow rates >6 L/min.
Particle Deposition
The following terminology is used in describing theoretical and empirical particle deposition efficiency equations: p = particle density, g/cm3 D = particle geometric diameter, ,um = mean inspiratory flow rate, L/min ) = mean free path of air = Parameters are defined in their most commonly used units; in computations, however, they all obviously must be converted to a consistent dimensional system.
Inhaled particles must penetrate the upper respiratory tract (the oropharyngeal and nasopharyngeal compartments for mouth and nose breathing, respectively, and the larynx) before they deposit in distal lung regions. Empirical formulae that describe aerosol deposition in these regions have been discussed (18) .
Oropharyngeal and nasopharyngeal deposition probability equations were based on data from exposure of human test subjects (19, 20) . Aerosol losses in replica laryngeal casts have been measured (21, 22) . Data were fit by the following equation: p(l) = 0.0350 + 3.9 Stk, with a correlation coefficient of 0.96; p(l) is the deposition probability normalized to particles entering a cast. The particle Stokes number, Stk, in the larynx is defined as Stk = pDg2WI18pR, where W is mean airstream velocity. R characterizes the laryngeal cast aperature. Chan et al. (23) reported an R value of 1.65 cm; these authors also proposed slightly different coefficients for the above equation.
By combining the above formulae, the filtering efficiency of the upper respiratory tract proximal to TB airways can be described. For example, if the actual inhaled aerosol mass is expressed by M, the quantity that penetrates the larynx for nasal breathing, Mn, may be written as follows:
The larynx significantly influences inhaled particle behavior in the following ways: turbulence created at the glottis opening can affect particle trajectories in the trachea and distal airways; also, particles entrained in a laryngeal jet may impact immediately downstream of the larynx, producing a deposition "hot spot."The following empirical equation describes this enhanced dep- Particles can also collide with airway surfaces subsequent to random Brownian motion; this mechanism is most efficient for submicrometer-sized particles. Martonen (5) derived equations to calculate aerosol particle deposition probabilities in conducting airways of the human TB tree; their detailed explanation is beyond the scope of this paper. However, since the deposition efficiencies of the inertial impaction, sedimentation, and diffusion mechanisms (functions of particle size, density, and airflow patterns and rates) are central to this work, they are briefly outlined here.
Inertial Impaction. The following equation defines the probability of particle deposition at an airway bifurcation in a laminar air stream: The division of aerosol mass at bifurcations is assumed to be proportional to airflow division and must be known before particle deposition efficiencies can be computed. In the Horsfield et al. (7) morphology, division is complicated because of the asymmetric branching pattern. In symmetric Weibel-type geometries, flow division at bifurcations is relatively simple to formulate. Details of the aerosol flow distribution patterns are defined in the Horsfield et al. (7) report.
In a previous study, Martonen (24) used the above deposition probability equations to evaluate the suitability of symmetric (6, 8) and asymmetric (7) TB tree morphologies as representatives of adult human lungs. Theoretical aerosol deposition efficiencies and experimental data from nonhygroscopic aerosol inhalation exposure studies of Lippmann et al. (9) were compared. In Figures 3, 4 (Fig. 4) appears to be a particularly suitable description of the TB tree for use in aerosol deposition studies; the AC = 1.00 curve for pDg2Q > 300 closely simulates the median fit to the experimental data. In addition, the abrupt curvature ofthe theoretical total TB tree deposition graphs at pDg2Q -300 correlates with the experimental observations of Foord et al. (25) . The systematic effect of a change in airway dimension, i.e., the translational shift of the total TB dose curves, suggests that intersubject differences may significantly influence inhalation exposure data.
Lippmann et al. (9) reported that the family of TB tree deposition curves for individuals was "s-shaped" when normalized to the quantity of aerosol mass entering the trachea; the curves appeared to be approaching asymptotes of '20 and "90% deposition. The midregions of the curves were quite linear with the slopes varying little among individuals. The families of theoretical curves in Figures 3 and 4 have the sigmoidal shape of the experimental curves, although asymptotes appear to be at -5 and -95% deposition, and the curves are practically parallel in their midregions. The theoretical curves in Figure 5 (34) demonstrated that the T of inhaled air at the entrance to the trachea was within 0.2°C ofthe equilibrium T, 37°C, within the deep lung. Recent theoretical and experimental studies (35, 36) support the concept of a gradation in RH profiles (to saturation) in the upper conducting airways of man for normal breathing in a moderate environment.
The possibility of transient supersaturation in upper bronchi under general ambient T and RH conditions has been postulated, based on theoretical descriptions of heat and water vapor transport in laminar (37) and disturbed laminar (38) flow fields. The models, however, neglect known laryngeal jet-related turbulent flow in upper human airways. The findings of Ingelstedt and Toremalm (39, 40) , who experimentally studied airflow patterns and heat transfer in airway models, indicate that larynx effects-cannot be omitted from mathematical descriptions of inhaled gases, particularly because of boundary layer development considerations. The boundary layer thickness is of great biological importance because of the interchange of heat and moisture between air and mucous membranes. Ingelstedt and Toremalm (39) surmised a buffer layer interface between a laminar boundary layer and turbulent core flow to be a physiologically realistic simulation of upper airway fluid dynamics.
Ingelstedt (26) cited limited data suggesting that supersaturation might occur under highly unusual thermodynamic conditions (breathing in a cold chamber) because of insufficient condensation nuclei in the inspired laboratory air (0-40C, 50-60% RH). However, he postulated from scientific principles that ".. . oversaturation can never occur in experiments at room temperature," and indeed, supersaturation could not be detected in his tests. A later study again experimentally confirmed the absence of supersaturation during the breathing ofroom air (39). Ferron's (38) theoretical model may become compatible with experimental data if it were refined to include the coupling of DC (the diffusion coefficient of water vapor molecules in air) and DT (the thermal diffusivity of air), and specific treatment of the thermodynamics of gas-particle interactions in the creation of T and RH proffles in human airways. However, influences of mixing effects attributable to the laryngeal jet and related flow disturbances in vivo, absent in the theory, argue against the plausibility of the phenomenon of supersaturation occurring during the inhalation of ambient aerosols.
Using the above experimental data as guidelines, two T and RH patterns were assumed in the current study in order to encompass most likely conditions that influence hygroscopic growth within the lung during inhalation of aerosols in a temperate (25°C and 50% RH) (41) environment. To simulate oral breathing, the RH of the trachea was assumed to be 90% and to monotonically increase 1% with each airway generation up to 99% at generation 9. The value of 99.5% was maintained for all distal airways. The constant value for peripheral airways is consistent with a state of equilibrium at those levels and is in agreement with the RH levels predicted from theoretical bases, as previously discussed. To simulate nasal breathing, we assumed that RH equilibrium conditions are attained in the trachea and remain at 99.5% in distal bronchial passages. For both modes of breathing, we assumed a constant temperature of 37°C in the TB tree, consistent with experimental data quantitating the extent of warming that occurs in the nasal and oral pharyngeal compartments. (11), and Tang et al. (12) . Experimental data for NH4HSO4 aerosols and theoretical growth curves for all the aerosols are presented in Figure 6 .
Calculations for 12 different salts (30) (35, 41) . For a tidal volume of 500 cm3, the residence time of an inhaled particle in the nasopharyngeal region is approximately 0.09 sec. We will use the growth curves in Figure 6 to define particle parameters (size and density) as a function of assumed respiratory tract T and RH profiles. Because best agreement between theoretical predictions of nonhygroscopic aerosol behavior and experimental deposition data is found with a Soong et al. (8) morphology, it will be used in our discussion of the effects of hygroscopic growth on inhaled pollutants. The size and density changes of an inhaled ambient particle during oral (90-99.5% RH) and nasal (99.5% RH) breathing simulations will be defined by the appropriate curve in Figure 6 . Deposition in the TB tree, therefore, will be computed in a manner commensurate with stepwise changes in particle parameters along airways.
Effects of Hygroscopic Growth on Deposition
The complex influence of hygroscopic growth, as a function of assumed RH profile, on H2SO4 aerosol behavior is demonstrated in Table 2 . Two observations can be made from the data: (a) particles in the diffusiondominated regime have reduced deposition relative to nonhygroscopic particles of identical preinspired size, and (b) hygroscopic growth produces an increase in deposition, relative to nonhygroscopic particles, of particles primarily affected by inertial and gravitational forces. For the smallest particles, the disparity between nonhygroscopic and hygroscopic cases increases as the magnitude of Q decreases. This is consistent with the action of diffusion, the efficiency of which is related to the particle residence time in an airway. For the largest particles, however, the opposite occurs because particles grow sufficiently to become effectively deposited by inertial impaction; the efficiency of the mechanism is related to particle velocity. Differences between the two RH profiles are most pronounced at the largest particle size and flow rate tested. In the model, an ambient particle of initial particle size (Dg,O = 1.0 ,um grew to Dg = 2.1 ,um within the trachea for oral breathing (90-99.5% RH) and finally attained Dg = 4.5 ,m in generation 10. For nasal breathing (99.5% RH), the 4.5-,um size was assumed in the trachea and all distal bronchial passages.
The effect of an assumed RH profile on the distribution of deposited 0.5-,um particle H2SO4 aerosol mass as a function of Q is shown in Figure 7 . The apparent common feature of panels A, B, and C of Figure 7 is that increasing the magnitude of Q increases the relative percentage of deposition in the larger conducting airways while yielding reduced losses in more peripheral airways. Interestingly, the crossover occurs within generations 11-14 for both RH profiles tested.
The variation in Dg of an originally sized 0.5-,um H2SO4 particle within the respiratory tract is presented in Figure 8 to explain deposition-related hygroscopic growth effects. For nasal breathing, growth to final equilibrium size is assumed to be complete following passage through the nasopharyngeal compartment. For mouth breathing, Dg is about 1 pum in the trachea and steadily increases until -2.2 ,um is attained in generation 10 airways. Particles that are hygroscopic in character will absorb water vapor present in the humid environment of the respiratory tract. Subsequently, the particles will change in size and density while traversing airways; this is schematically illustrated in Figure 9 . If only water vapor uptake is assumed to affect density (i.e., changes in crystalline physical state are ignored), then particle density may be expressed as P = PH20 + (PO -PH20)(D9,0/Dg)3 where po and PH20 are the densities of the original particle and water, respectively.
At the lowest flow rate in Figure 7 , total deposition does not vary much between A, B, and C. There is, however, a noticeable shift in mass fraction deposited in larger upstream airways with consideration of the influence of an assumed RH profile upon hygroscopic growth effects. At Q = 60 L/min, total deposition increases by a factor of 2 between A and B and increases by a factor of 3 between A and C. Moreoever, there is a decided proximal shift in inter-TB distribution at the highest flow rate. Whether or not hygroscopic growth increases total dose delivered to conducting airways depends on the original size of an inhaled aerosol. This is illustrated in Figure 10 for ( of like size); if smaller-sized particles are inhaled, the influence of growth is to reduce deposition.These observations may be explained by changes in the relative effectiveness of the major particle deposition efficiency mechanisms, which have been formulated in terms of particle parameters. In Figure 11 , the effects of changing particle size and density following mouth breathing are illustrated. In Figure 11A , where Dg,o = 0.2 ,um, nonhygroscopic particles are deposited primarily by diffusion; hygroscopicity results in relatively reduced dosage due to the increase in particle size. In Figure llB, where Dg,0 = 0.8 ,um, nonhygroscopic particles are deposited by inertial impaction in upper airways and diffusion in lower airways. An increase in total deposition concomitant with growth results from increased deposition due to larger particle mass that more than compensates for a reduction in the efficiency of deposition due to Brownian motion. Relative humidity effects on (NH4)2S04 aerosol dis- tribution are illustrated in Figure 12 . In Figure 12A , total deposition is almost the same for a nonhygroscopic aerosol and (NH4)2S04 assuming oral (90-99.5% RH) breathing. Figures 13 and 14 illustrate some of the complex effects of hygroscopic growth assumptions, Dg,o, and Q on the total dose and regional distribution of inhaled NH4HS04 relative to the total mass intake at the trachea (I = 0). For example, the regional distribution of orally inspired pollutant for Q = 15 L/min (Fig. 13B) is skewed towards lower airways; doses here are factors of 10 to 30 greater than those of upper airways and factors of -4 greater than those of middle airways. In addition, as Dg,o increases from 0.1 to 1.0 ,um, total dose increases from -9 to -27% of TB intake. Nasal breathing (Fig. 13C) is qualitatively similar to oral breathing, except that regional distribution is not as skewed for 1.0-,um particles. Comparison of nonhygroscopic results ( Fig. 13A ) with the two hygroscopic results (Figs. 13B and C) reveals differences: the nonhygroscopic assumption overestimates total dose by a factor of 2 to 3 for small particles (0.1 ,um) and underestimates by a factor of --1/3 for large particles (1.0 ,um); furthermore, the nonhygroscopic assumption predicts an overall decrease in total dose with increasing particle size, while both hygroscopic assumptions predict an overall increase. Similarities exist between the nonhygroscopic, oral, and nasal cases: regional distribution for 0.1-, 0.5-, and 1.0-,um particles is consistently skewed to lower airways, and total dose for 0.5-,um particles is similar in each case. Figure 14 illustrates total dose and regional distribution of NH4HS04 for Q = 60 L/min. Comparison of Figures 13 and 14 reveals effects due in part to flow rate. For example, regional distribution of orally inspired NH4HS04 (Fig. 14B) is less skewed in lower airways than in Figure 13B , especially as D O increases.
Regional distribution for nasal breathing (Fig. 14C) (9) median fit to their experimental measurements, indicating that in vivo particle behavior is being accurately simulated (see Fig. 4 ). Airway diameters are varied in the model to examine the effect of intersubject variability within a population. For of their two asymptotes. The experimental and theoretical hygroscopic growth data of Tang and Munkelwitz (11) are incorporated into the aforementioned validated model to compute the influence of hygroscopicity on the deposition of ambient sulfate aerosols. The primary factors requiring definition prior to studying possible growth effects are initial particle geometry and density, material hygroscopic growth characteristics, respiratory parameters, and T and RH proffles. The influences of hygroscopic growth on inhaled aerosol behavior are very complex; both the total mass deposited and its regional dispersion may be significantly affected. The factor of hygroscopicity, therefore, is an important factor in the hazard evaluation of atmospheric particulate matter of health effects concern.
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